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EXECUTIVE SUMMARY

The final goal of the project is to demonstrate a semiconductor waveguide device suitable for use
as an all-optical buffer with at least a slow down factor of 1000 at room temperature. During the
last four years, we performed theoretical and experimental research on how to achieve slow light
in semiconductors. We explored coherent mechanisms including coherent population oscillation
(CPO) and electromagnetically induced transparency (EIT). Our results were the first to show
that slow light can be achieved in semiconductors. It also opened a door for new research in this
area.

In section 1, we provide some motivation for the subject. In section 2, we summarize the results
obtained using CPO and section 3, EIT. Section 4 discusses figures of merit for optical
communications applications, which is followed by some concluding remarks. The supported
personnel and publications in this program are listed in the Appendix.



Chip-Scale Controlled Storage All-Optical Memory

1. Introduction

Optoelectronic technology played a pivotal role in the unprecedented information
revolution in the past two decades. One of the remaining grand challenges is the ability to store
an optical signal in optical format. Being able to keep data in the optical domain during the
routing process is of particular interest because it can greatly reduce the routing delay caused by
complex protocols, introduce data transparency for secure communications, and reduce the
power and size of electronic routers.

A controllable optical delay line can effectively function as an optical buffer, where the
storage is proportional to the variability of the group velocity. Due to the delay time which is not
tunable, a fixed fiber delay loop or waveguide resonator alone cannot serve the function of an
optical buffer. On the other hand, if the group velocity of light is controllable, we can generate a
variable time delay. The capacity of buffering is directly proportional to the variability of the
light velocity. Such an approach has received wide interest recently [1,2]. To date, the largest
delay-bandwidth product (DBP) reported is approximately 4, which is still far from the
application needs, which are several orders of magnitude larger [1,2]. However, current results
with a tunable DBP~1 can be potentially useful for making a buffer consisting of a fine-adjusted
tunable delay with a fixed long delay line. In addition, there may be other applications which do
not require a very large DBP, such as ultra-low Vz modulators, true-time delay elements in
microwave photonics, ultra-compact and low-power nonlinear optical components, optical signal
processing, and quantum information processing [1, 2].

The basic principle of slow light centers on the definition of signal velocity, which is the
same as group velocity, valid for most signals we use for optical communications because the
bandwidth of the signal (1-100 GHz) is very small compared to the carrier frequency (193 THz).
The group velocity vy is defined as
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where c is the speed of light in vacuum, n is the real part of the refractive index, and k is the
waveguide propagation constant. The slowdown factor S is thus
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which is equal to the group index. From (2), the group velocity can be reduced by introducing a
large and positive waveguide dispersion on/ok or/and material dispersion on/éw . It is important



to note that tunability of the slowdown factor is very critical. This is the key differentiator from
a physical delay line, such as a long piece of fiber.

The material dispersion can be achieved by various methods to create gain or absorption
spectral change. The waveguide dispersion can be designed using gratings, periodic resonant
cavities, or photonic crystals [3, 4]. It is also possible to include both material and waveguide
dispersions in one device to enhance the slowdown effect [5]. In this program, our primary
attention has focused on material dispersion engineering using semiconductor devices.

Recently, various mechanisms have been used to obtain a large material dispersion for
achieving slow slight. These include electromagnetically induced transparency (EIT) [1, 6],
coherent population oscillations (CPO) [7-11], four-wave mixing (FWM) [12-16], stimulated
Brillouin scattering [17, 18], stimulated Raman scattering [19, 20], etc. Tunable delay using
semiconductor devices attracts much attention because it offers the advantage of compactness,
room temperature operation, and easy integration with existing optical communication systems.

Slow (or fast) light can be obtained by introducing a change in the absorption (or gain)
spectra of semiconductor quantum wells (QWSs) and quantum dots (QDs). EIT in semiconductor
quantum dots has been proposed and demonstrated [1, 21, 23]. Furthermore, recent experiments
have been successful using CPO or FWM in quantum-well and quantum-dot devices from low to
room temperatures. For example, the absorption (or gain) spectra can be changed via CPO [8-
11,24], depletion of the exciton absorption peak [25], or wave-mixing in a semiconductor
waveguide absorber [26]. In addition, both slow and fast light at room temperature can arise
from the change in a sharp gain spectra, e.g. using a gain Fabry-Perot (FP) resonator or an
integrated DFB-phase-shifter filter [27-29], QD semiconductor optical amplifiers (SOAs) [30-
33], and a narrow-band VCSEL-SOA [34]. Recently, slow and fast light via four-wave mixing
(FWM) in SOAs has been proposed, analyzed, and demonstrated using a single-beam or two
beam (pump and probe) experimental setup [12-16]. Using optical injection locking as a
technique, the radio frequency (RF) phase of the microwave-modulated signal can be shifted or
delayed up to 2r by the slave laser, which effectively acts like a slow or fast light medium [35].

There have also been significant discussions about figures of merit, and in particular,
discussions about the limiting mechanisms for the various approaches [2, 36-39]. Here, we
review recent results we obtained under the support of this DARPA program.

2. Slow Light Using Coherent Population Oscillation in Quantum Wells [8-11, 24]

In a two-level system, the optical absorption peak corresponds to a negative derivative on/dw
and leads to fast light, which is also called anomalous absorption dispersion. In the presence of
an intense optical pump beam with the photon energy near the transition energy of the two-level
system, absorption saturation occurs due to depletion of the population in the lower energy state.
If a weak signal beam with a frequency slightly detuned from that of the pump beam is present,
as shown in Fig. 1(a), the population of the excited state will beat at a frequency determined by
the pump-signal detuning. Significant population beating occurs when the population can closely
follow the intensity profile due to the time-dependent interference between the optical fields of
the pump and signal beams. Thus, a reduction of the absorption, which shows a coherent spectral
hole characterized by the inverse radiative lifetime, will be present, as shown in Fig. 1(b). From



the Kramers-Kronig (KK) relation, an absorption dip leads to a variation of the refractive index
spectrum with a positive slope in the same frequency range, yielding the slow light effect.
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Fig. 1 (a) A two level system in the presence of a Fig. 1(b) Top- absorption spectrum of the probe in the

resonant pump and a detuned probe. absence (long dashed curve) and the presence (solid) of a
strong pump. The spectral hole (dotted curve) is caused by
CPO produced by the pump and probe beams. Bottom- the
corresponding refractive index spectrum in the presence of
CPO. [24]

To utilize the radiative lifetime, a pump-probe setup sensing CPO of the energy levels in
the solid-state material system, such as ruby crystal, has been demonstrated [7] with bandwidth
varying from 10 Hz up to kHz. In semiconductors, an example of such a quasi two-level system
is the bound exciton state in QWs or self-assembled QDs. The nanosecond radiative lifetime in
semiconductors corresponds to a gigahertz bandwidth and is suitable for practical applications.
We describe CPO-based slow light from heavy-hole (HH) excitons in QWs [8-11]. We have
also developed a theoretical model based on the density matrix formalism, taking into account
the dipole selection rules and other nonlinear effects which couple the two spin subsystems [9].
Our theoretical results agree well with the experimental data [8].

2.1 Experimental Demonstrations
2.1.1 Measurements of Dispersion Curves

The following summarizes our experimental slow light results obtained from CPO effects
in QWs. In all experiments, a pump laser and a probe laser of frequencies v, and v,

respectively, are used to create the coherent beating of carriers, which changes the absorption
and refractive index spectra seen by the probe laser. In the first experiment [8, 9], a surface-
normal geometry is used and low-temperature (10K) measurements of the absorption dip and
refractive index change as a function of pump-probe detuning (o6 =v,—v,) are obtained for

various pump wavelengths and powers. A slowdown factor is inferred from the dispersion
curves. In the second experiment [10], surface-normal geometry is also used. Time-domain
measurements were made by modulating the pump laser with a single-tone, sinusoidal signal,
which creates two side bands onto the pump laser. The two side bands are used as the probe
signals with detunings being the modulation frequency +5and -6. The time delay imposed onto
the probe beams manifests itself as a time delay of the sinusoidal modulated signal on the pump



laser, which is directly measured relative to the original signal. In the third experiment [11], we
used time-domain measurements at room temperature with a waveguide geometry.

The sample used in experiments 1 and 2 consists of 15 GaAs (135A)/Alg3Gap 7As(150 A)
QWs grown by molecular beam epitaxy (MBE) and is mounted on a sapphire disk with the
substrate removed. The sample is kept at a temperature of 10K. A continuous-wave (CW) Ti-
sapphire laser and a tunable diode laser are used to provide the pump and probe beam,
respectively. The two beams are focused onto the same spot of the sample. The probe is split into
two beams before the sample, traveling through a Mach-Zehnder interferometer (MZI1) with the
sample in one arm. The absorption spectra are obtained with transmission measurements with
and without the pump laser. A homodyne detection scheme is used at the output of the MZI to
measure the dispersive characteristics. This setup allows us to measure both the real and
imaginary parts of the complex refractive index simultaneously.

Figure 2 shows the experimental data [8, 9] (from the first experiment) of the absorbance
spectrum of the probe light, in the presence of a fixed pump light with its energy near the exciton
absorption peak from the first experiment [8]. The pump is polarized in the same direction as the
probe light. The background absorption decreases, while the coherent spectral hole opens up
with increasing pump intensity, showing clear evidence of excitonic coherent population
oscillation. Fig. 3(a) shows absorption and dispersion spectra as a function of detuning for pump
and probe intensities of 1 and 0.09 kW/cm?, respectively. The length, L is the total thickness of
the 15 QWSs (15x13nm = 195nm). The absorption ol is defined byl , =1, exp(-aLl). The

spectra were obtained near the heavy-hole (HH) exciton resonance. The absorption spectra
feature a sharp dip centered at zero detuning. The depth of the absorption dip increases with
increasing pump intensity. The sharp absorption dip arises from CPO induced by the pump and
probe. The absorption dip shows a full-width-at-half-maximum (FWHM) bandwidth of 2 GHz
(FWHM), which is inversely proportional to the lifetime of the population grating.
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Fig. 2: Experimental results of the absorbance due to excitonic coherent population oscillation in GaAs/AlGaAs
QWs at 10K. The zero detuning is set at the pump wavelength which is close to the exciton absorption peak. [8, 9]



The group velocity v, can be obtained directly from the dispersion of the refractive

index. The homodyne signal is proportional to the cosine of the phase delay Ap(v,)L of the

probe beam propagating through the sample. For small variations of the phase delay induced by
the pump, the variation of the cosine function can then be approximated by Ag(v,)L. The phase

delay of the probe beam is obtained after normalization of the homodyne signal with respect to
the absorption spectrum. The slope of the dispersion at zero detuning reveals a slowdown factor
of S =31,200 (Eq. 2), demonstrating a group velocity reduction to 9,600 m/s.

Fig. 3(b) shows the pump intensity dependence of the slowdown factor. The slowdown
factor initially increases with increasing pump intensity and peaks before decreasing above 4
kW/cm?. This behavior is in agreement with the pump intensity dependence of the associated
absorption dip, which first shows emergence of the absorption dip, then saturation and
broadening as the pump intensity increases.

For a Lorentzian line shape, there is a simple relation between the slowdown factor S at
0 =0, the FWHM bandwidth Av, and the depth A« of the absorption dip:

_c Aa
27 Av

This result arises directly from KK relations and shows how the absorption dip relates to the
group velocity reduction. Using Eq. (3), we can calculate the slowdown factor by extracting A«
and Av from the absorption spectra as shown for the example in Fig. 3(a). The results are
plotted in Fig. 3(b) as open circles. As shown in Fig. 3(b), the slowdown factor S obtained from
the dispersion measurement agrees well with that obtained from absorption measurement with
Eqg. (3) though the numerical value from the absorption measurement tends to underestimate the
result, possibly due to slight deviations of the absorption dip from an ideal Lorentzian lineshape.

(3)
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the phase delay gives the group velocity. The pump  and resonant modulation traces at powers of 2 and 8 mW (&
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respectively. (b) The pump intensity dependence of
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obtained from dispersion (solid circles) and

absorption measurements (open circles). The probe

intensity is 6 W/cm?.

2.1.2 Time-Domain Measurements

In the second experiment, time-domain measurements were made with the same 15-QW
sample. A RF-amplitude modulation (AM) with a variable frequency f is imposed onto a single-
mode Ti:Sapphire laser. Sidebands generated by the AM act as the signal, whereas the central
band with the carrier wavelength of the laser acts as the pump. The two side bands experience
phase change with opposite signs, which thus manifests as a time delay. As pump and signal are
effectively imposed onto the same beam, perfect mode matching is guaranteed. The modulation
frequency f determines the detuning between pump and signal. The sample is cooled to T = 10K
and a modulation depth of ~ 5 % is used in the experiment.

At low intensity levels, the width of the CPO absorption dip is determined by the inverse
of the HH-exciton lifetime (T;). The half width at half maximum (HWHM) of 120 MHz
corresponds to T; = 1.3 ns, which is consistent with previous studies [9]. Note that effects of
spatial diffusion are inherently absent in the measurement carried out here as pump and signal
fields are co-propagating. This explains the linewidth reduction of the CPO resonance over
previous frequency-domain measurements [8].

Fig. 4(a) shows the power dependence of the optical delay for various modulation
frequencies. Delays increase at first with increasing power, peak, and roll off as power is further
increased. This power dependence reflects the saturation behavior and power broadening of the
CPO absorption dip. More importantly, it demonstrates the convenience with which the delay
can be tuned optically, as shown in Fig. 4(b). Time delays >1 ns are achieved at f = 25 MHz.



Given the length of the active region L (195 nm), this time delay corresponds to group velocities
as low as 200 m/s and a slowdown factor S ~ 1.5x10°.

The greatly increased slowdown factor over that obtained from the first experiment arises
mainly from the absence of exciton spatial diffusion [8], which leads to a linewidth/bandwidth
reduction and an increase of the transparency depth by a similar factor. The slowdown factor
thus shows an overall increase roughly given by the square of the linewidth/bandwidth reduction
factor.

In the third experiment, we presented room temperature time-domain measurements of
slow-light propagation via CPO on the HH-exciton transition in a (110)-oriented GaAs single
quantum well (SQW) waveguide (WG). The WG-geometry provides several advantages over
the surface normal geometry. For example, a large and variable optical depth can be easily
achieved simply by controlling the length of the WG sample. Due to the strong optical
confinement in the WG, the high optical intensities required to achieve CPO at room temperature
are more readily attained. Also, carrier diffusion effects are suppressed, as the optical field
propagates as a confined WG mode while interacting with the QW region. The use of a
waveguide structure also facilitates future device integration. Despite exciton ionization, results
are similar to those obtained at low temperature and reflect the general properties associated with
a CPO process. More specifically, the measured operating bandwidth is related to the
recombination rate of electron-hole pairs. The induced transparency, and hence the maximum
achievable fractional delay, scales with the optical depth of the linear response. We demonstrate
maximum fractional delays of 3.2% for an initial optical depth of I'aL ~ 4, (I'=confinement
factor, o= absorption coefficient, L = sample length).

The quantum well waveguide sample was grown on a (110)-oriented n-type GaAs wafer,
including (starting from the substrate) 1.19 um of Aly26Gag74As, 0.17 um of Aly15Gag ssAs, 60
nm Alg3Gag 7As, 5.4 nm GaAs QW, 0.345 um of Aly3Gap7As, and a 20 nm GaAs cap layer. The
overall structure provides a single-mode planar waveguide. The quantum well is located slightly
off center from the fundamental mode. Numerical simulation using this structure shows that
only the fundamental mode propagates. The confinement factor I is about 1%. The sample was
mechanically polished, and a 440-um long waveguide strip was cleaved. The strip was mounted
on a thin copper bridge using silver paste to provide a good thermal contact.

Time-domain measurements were made in a similar manner as in experiment 2. TE-
polarized light is coupled in and out of the waveguide. The transmission is characterized
carefully as a function of the pump wavelength and detuning/modulation frequency. With L =
440 um and T = 1 %, we obtain o = 9x10*/cm?, consistent with typical values of GaAs QW
absorption coefficients at room temperature [40-41]. Figure 5(a) shows a generic example of
two modulation traces recorded for on- and off-resonant with HH transition, with a modulation
frequency f = 100 MHz and input power P = 75 mW. The resonant trace exhibits a delay 7 with
respect to the off-resonant trace. To demonstrate that the observed slowdown is indeed the effect
from CPO, we record a series of modulation traces for different modulation frequencies and
input power levels. These results are summarized in Fig. 5(b), in which delay is plotted as a
function of modulation frequency at three different power levels. The solid lines are Lorentzian
fits centered at f = 0 MHz. Delays up to 830 ps and 3.2 % fractional delay (§ = <f) are measured
for the highest available input power of P = 75 mW and f = 25 MHz. The inset shows the power
dependence of the linewidth (FWHM) Av, which is obtained from the Lorentzian fits.



For the measured maximum delay of t = 830 ps, we obtain a slowdown factor S = 565
(using S = ct/L, L = 440 um), which is three orders of magnitude smaller than that obtained in
our low-temperature study [10]. The discrepancy is mainly due to the fact that we are using a
waveguide rather than a surface normal geometry here. Whereas the entire optical mode interacts
with the quantum well active region in surface normal geometry, it does so with a significantly
reduced confinement factor I" in the case of a waveguide. The discrepancy in slowdown factors
thus mainly reflects the effect of reduced overlap of the optical mode with the active region. A
different waveguide design yielding a higher I" should increase the slowdown factor.

— P =75mW, f=100 MHz 12 " oo,
g 1 7= A= 8285 nm - by I o 1
A ——.=820.5 nm 2 g = :
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Fig. 5(a) Generic example of two modulation traces Fig. 5(b) Delay as a function of modulation frequency for
recorded on- and off- resonance (f =100 MHzand P= P = 25, 50, 75 mW input power. Solid lines are
75 mW). The trace obtained on-resonance with the Lorentzian fits. The inset shows the power dependence
HH-excition transition (820.5 nm) is delayed from the of the FWHM as obtained from the numerical fits.
reference trace (828.5 nm).



2.2 Theory and comparison with experiment [9]

Figure 6 shows a simple two-level system based on the conduction to HH excitonic
transition [9, 42]. This two-band model with two spin subsystems can be effectively transformed
into two independent two-level subsystems only if the two lowest 1s HH excitons of opposite
spins are included.

|S, > |S, 4>
E,. (=N E. E,.
IHH, T2 20 A HH s 2 s

NG 72

Fig. 6. The level configuration of the excitonic CPO. The positive-helicity components of the pump and signal as
well as the spin-down C and HH bands consist of one subsystem while their counterparts form the other.
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Fig. 7 (a) The calculated absorbance spectra and (b) the real parts of the refractive index of the optical signal are
plotted as a function of the detuning frequency between the signal and pump under different pump intensities. The
pump and probe are polarized along the same direction.



We calculate the transmission spectra [9] by taking into account the variation of the
refractive index and absorption in the QW region. The theory shows that the absorbance
extracted in the experiment [8] can be directly treated as the single-pass absorbance in the QW
region. In our theoretical calculations, the excitonic energy %, is 1.5358 eV, and the photon

energy of the pump %, is the same as the excitonic energy. The sample used in the experiment

consists of 15 GaAs/Alg3Gao7As QWSs. The barrier width between two QWs is 150 A. The width
of each QW is about 135 A. The effective length of the absorption region Les is thus 15x135 A =
2025 A.

Figure 7(a) shows the calculated absorbance spectra for the parallel-polarization
configuration under different pump intensities. This calculation is performed by matching the
background saturated absorption and magnitude of the spectral dip. Other variables in the model
include variation of pump intensities, population relaxation constant I'; (=1/T;), the intrinsic

dephasing constant T\, and a constant ywhich describes the excitation induced dephasing. The

absorbance spectrum is the product of the absorption spectrum and the effective length of the
absorption region. The corresponding real parts of the refractive index are shown in Fig. 7(b).
With increased pump intensity, the background absorbance is gradually saturated due to power
broadening. When the signal detuning is roughly within the range of the population relaxation
constant 'y, an absorption dip is created. For direct-gap semiconductors, the bandwidths are
about a few gigahertz. The spectral width of the dip is also broadened as the pump intensity is
increased. The ratio between the depth and background saturated absorbance increases as the
pump intensity gets higher. However, theoretically, the real depth of the dip has a maximum at a
particular pump intensity. From the Kramers-Kronig relation, the real part of the refractive index
corresponding to the absorption dip must have a rapid increase as the frequency of the signal
detuning increases. In Fig. 7(b), the slope of the real part of the refractive index at zero detuning
initially increases as the pump intensity gets higher, which reflects the increase of the depth of
the spectral dip. However, two factors stop the increase of the slope at high pump intensity. The
first one is the broadening of the spectral width of the dip as the pump intensity increases, which
widens the window of fast variation of the real part of the refractive index takes place and thus
reduces the slope. The second one is the saturated background absorption limiting the absolute
depth of the dip. The variation of the real part of the refractive index is subjected to this
saturation and results in the decrease of the slope.

Besides the rapid change of refractive index in a local frequency range, the global offset
of the refractive index also varies as the pump intensity changes. Theoretically, if the change of
dielectric constant caused by the optical transition is small compared with the background
dielectric constant, the offset should remain constant as the pump increases. This constant will
reflect the background dielectric constant only. On the other hand, if the change of the dielectric
constant is significant enough, this offset will be modified by the change of dielectric constant
itself. For excitonic CPO, because a large and rapid change is created in a narrow frequency
range, there is no guarantee of the constancy of this offset.

A comparison between the theory curves in Fig. 7(a) can be made with the experimental
curves in Fig. 2. For details, please refer to Ref. [8, 9]. The pumping intensities for the fitting are
set as 0.00059, 0.00298, 0.00593, 0.0212, 0.0466, and 0.423 kW/cm?. They are chosen to match
the background saturated absorbance. The intensities used in theoretical fitting are about one-
third or one-fifth of the experimental values. The discrepancy may result from the fact that the
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actual pump intensity entering the absorption region is not as large as the estimated intensity
outside the sample. Compared with experiment, the theoretical fitting tends to overestimate the
depth of the dips. This may be due to the neglect of several factors in our models including the
phase-space filling and the reduction of oscillation strength due to electron-hole plasma
screening.

Figure 8(a) shows the experimental result of the phase delay of the signal and the
corresponding absorbance as a function of detuning for the parallel-polarization configuration of
the pump and probe. The phase delay of the optical signal describes the variation of the real part
of the refractive index when the pump is present. In the experiment [8], the measurement was
carried out by a Mach-Zehnder interferometer. From the measured phase difference, the variation
of the real part of the refractive index and the slowdown factor are experimentally obtained.
Figure 8(b) shows the theoretical result for the corresponding experiment. The shape and
magnitude of the phase delay and absorbance agree well with those obtained from the
experiment. Figure 8(c) shows the calculated slowdown factor from our theoretical results. The
peak slow-down factor is about 3.13x10% which is in excellent agreement with the value of

3.12x10" obtained experimentally.
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Fig. 8 (a) Experimental results of the phase delay and absorbance due to excitonic CPO in GaAs/AlGaAs QWs. (b)
Our theoretical results agree well with the experimental curves in (a).
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Fig. 8 (c) The theoretical slowdown factor as a function of the detuning frequency between the signal and pump. The
peak slowdown factor agrees with the value extracted from the experiment.

3. Slow Light Using EIT in Quantum Wells [1, 21-23]

We started this program by proposing to use the HH1, C1 and C2 in QDs as the transition states
for EIT. Theoretical calculations were made and published [1]. However, due to the
inhomogeneity of state-of-the-art quantum dot (QD) size, we decided that QDs would not be
suitable for the experiment.

We began investigations of a different scheme using quantum wells, using a novel double-V
energy configuration to achieve EIT in semiconductors [1,47]. In this scheme, we utilized the
C1-LH1 transition. Using the fact that the reported spin coherence lifetime for electrons in
(110)-oriented GaAs QWs was quite long [43-45], we explored a configuration using LH1 spin-
down (|2>) and C1 spin-up (|3>) as the pump transition, and LH1 spin-down (|2>) and C1 spin-
down (|1>) as signal transition. The long coherence time (narrow linewidth) between |3> and |1>
provides the necessary condition for EIT. Simultaneously, there exists a degenerate coherent
transition between LH1 spin-up (|2°>) and C1 spin-down (|3°>) as the pump transition, and LH1
spin-up (|2°>) and C1 spin-up (|1°>) as the signal. The schematic of the energy configuration is
shown in Fig. 9b, which we refer to as the double-V system. In this case, the pump is a TE
polarized beam as the summation of two circularly polarized beams for |2>-> |3> and |2’>—> |3’>
transitions. The signal beam is a TM polarized beam, identical for both |2>-> |1> and |2’>>
|1’> transitions. This is depicted schematically in Fig. 9 for the case with a magnetic field
present, as will be discussed shortly.

In order to realize the system, we used a home-built single-mode Ti:Sapphire ring laser as the
pump beam, while the probe is provided by an external cavity tunable diode laser. The two
beams collinearly couple into the sample, which is a GaAs(130A)/Aly3Gag-As single QW slab
waveguide, ~150 um long, grown on an un-doped (110) substrate. We developed the capability
to grow GaAs QWs on (110)-oriented substrates using molecular beam epitaxy in a very short
amount of time. The very narrow photoluminescence linewidth of ~2 meV at 4 K attests to the
excellent quality of the (110) QWs.
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EIT based on this double-V energy configuration was subsequently observed for the first time on
a (110) QW waveguide. An absorption dip of ~10%, indicating a slow down factor of about
1000, was obtained with a spectral width of ~1 GHz at 4 K. Unlike CPO, where the linewidth of
the resonance is determined by the T; exciton lifetime, the spectral width in the EIT scheme
yields the T, dephasing time of the two upper states of the “V”” system. Since the upper states of
our double-V scheme are the spin-up and spin-down sub-populations of the conduction band, we
have in principle a frequency-resolved means of determining the electron spin coherence time in
these (110) QW waveguide structures. The result is a coherence time of ~1 ns at 4K, a value
similar to other works directly studying (110) GaAs QW spin dephasing [43-45].

In order to unequivocally demonstrate that the observed differential transmission, ~10%
transparency, indeed arises from EIT and not CPO, we further designed an in-situ mount to place
a permanent magnet inside the cryostat. In a magnetic field, Zeeman splitting of the spin-up and
spin-down electrons lifts the conduction band degeneracy, and hence also the degeneracy of the
double-V system. Thus for an EIT process, the measurement reveals two peaks corresponding to
the two spin populations, with no signal present at zero detuning of the pump and signal beams.

m :_1> Conversely, a CPO process would not be

R_R 3 1\ ™ A
B= BoZ ms=2> 7{,‘72 affected by the magnetic field, and hence
™ N remain as a single peak centered at zero
_ IRYaE detuning. As shown in Fig. 10, the clearly
k 7H_, o) f resolved double-peak structure proves the
TE NI optical effect observed originates from EIT.
Ae) ) This technique for probing spin coherence
Fig. 9a schematic of magnetic Fig. 9b schematic 1S ba_sed on Ref. [4_6], which _employs the
field relative to the QW of energy quasi-monochromatic continuous-wave
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pump propagate in direction under the magnetic . . .
parallel to QW plane and B field field, which splits optlcall_y 'nd_uce and measure the spin
is along 110 direction, normal to the two spin dephasing with (100) GaAs QWSs. The
substrate. electronic states. present experiments are also in contrast to
0.6 previous (110) work, which use time-
o resolved photoluminescence measurements
0.24 ) o
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0.221 lomw source [43-45].
0.20
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Fig. 10 Differential transmission for 110 QW under
magnetic field, showing two distinct EIT peaks
corresponding to the energy split due to the magnet.

clearly seen.
The magnitude of this peak separation is
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AE. = xgsugB, which follows from Zeeman splitting. Here B is the strength of the magnetic
field, nominally 0.3 T, ug the Bohr magneton, and gs the electronic g-factor. By using the unique
wavelength resolution afforded by this type of CW measurement, we can also examine how this
splitting changes with pump wavelength, polarization, intensity, and temperature. A comparison
of these measurements between the (110) and (100) waveguide samples should provide a more
complete picture of the EIT process in these QW structures, and is currently under way.

4. Figures of Merit

There has been much interest in developing a set of universal figures of merit (FOM) to
compare the trade-off between various schemes to attain slow light — in particular, the delay-
bandwidth product (DBP), storage density or device size, and power consumption. We recently
analyzed the first two parameters analytically by considering a device with a hole in its
absorption spectra [36]. Similar delay-bandwidth analyses are published for CPO and other
physical mechanisms [35]. A common conclusion seems to arrive from a number of different
authors to lead to a DBP limit of the order of 2. For the absorbers, the maximal delay time will
be limited by the residual loss experienced by the signal as well as pulse distortion due to the loss
spectra. On the other hand, for SOAs, the maximal delay will be limited by a reasonable SOA
gain that can be experienced by the signal (25~30 dB), which is in turn limited by the beating
noise of signal and amplified spontaneous emission (ASE). As such, the limitation on the SOA
gain limits the number of stored bits to a value between one and two [36].

A yet more relevant question is the trade-off between increased bit rate and storage for a
given acceptable power penalty. Here, storage is defined as the number of bits stored, or simply,
DBP. We numerically simulated the bit error rate performance for such links [37], showing that
storage-bandwidth product (SBP) is an excellent FOM. In the following, we summarize the key
findings.

First, the storage density has been shown to be D = (n,,,, —Nn.;,)/24 ,=An/24 ,. And for

an absorption based device, D = Aa/4x. This parameter is of critical importance when one is

interested in reducing physical size of optical buffers. We also showed the analytical formula for
DBP, TB=L4a/47[36], is established with the bandwidth defined by the change in absorption
coefficient. The delay-bandwidth product, TB, in this case, is predicted to scale linearly with L.
However, as shown in [36], for a waveguide device, bandwidth is more appropriately calculated
from the transmission through the medium: T —exp(-aL). We showed that within the range of

device lengths that are of interest (1 mm < L < 100 mm), the transmission bandwidth is actually
proportional to L™/2. Hence, with the delay being proportional to L, the delay-bandwidth product
(storage) is proportional to LY?. The storage-bandwidth is thus a constant and has no L
dependence. We further showed that a given system with a given power penalty will have a
storage-bandwidth product value which can be used as a FOM.

Power consumption is a critical FOM. However, it is also the most complicated one that
depends tremendously on assumptions employed in making the comparisons. It is a subject that
is currently under study. However, this issue will remain relatively under explored until the DBP
and SBP can be significantly increased in room-temperature operated devices.
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5. Conclusions

In conclusion, we have discussed recent progress on slow and fast light using

semiconductor QW and QD devices. Significant progress has been made during the last few
years under the support of this DARPA program, from very low temperature to room
temperature operation. Coherent population oscillation effects have been used in quantum-well
and quantum-dot semiconductor optical amplifiers under either forward or reverse biased
conditions. Both electrical and optical controls of slow light in frequency as well as time domain
measurements have been demonstrated. Challenging issues such as increasing the delay-
bandwidth and storage-bandwidth products remain to be solved for future practical applications.
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